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Abstract
We present an experimental study of the retention/flow properties of the caprock of the Rousse depleted gas field, 
where up to 120000 tons of CO2 are to be injected over a 2-year period. One of the caprock samples examined 
comes from the carbonated breccias overlying the reservoir, a deep Jurassic horst, whereas the other samples come 
from the 2000 m-thick Upper Cretaceous marl (carbonated turbidites) located above these breccias and the reservoir. 
The single-phase (brine) intrinsic permeabilities of the marly samples turn out to be extremely low and stress-
sensitive. They vary from 20-25 nanoDarcy for the most permeable sample at low stress, to below 1 nanoDarcy at 
effective stresses in the range of 10 MPa and above. These latter values are lower by at least one order of magnitude 
than the published values for the caprocks of the Weyburn field and Utsira aquifer. However, the permeability of the 
brecciated sample is considerably higher, and decreases from ca. 0.1 to 0.003 milliDarcy when the effective stress 
increases to 20 MPa, which possibly reflects some of the reservoir petrophysical behavior. 
Gas breakthrough (BT) experiments are undertaken on two of the marly samples fully saturated with brine, using 
either CO2 or nitrogen as the gas phase. One sample is able to resist CO2 excess pressures as large as 7.6 MPa, 
whereas in the other more permeable sample a relative pressure of 4.5-6 MPa is enough to induce the BT of 
nitrogen, a gas with interfacial properties more favourable than CO2 to capillary sealing. Nitrogen flow following 
BT is extremely limited, with an effective permeability below 1 nanoDarcy. Upon subsequent sample resaturation 
with brine and then BT with CO2, some alteration of the sealing behaviour is observed, manifested by a decreased 
BT pressure and an increased gas effective permeability.    
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1. Introduction 
Prior to any CO2 storage project in a deep saline aquifer or a depleted hydrocarbon reservoir, the sealing behavior 
of the top seal with respect to CO2 must be clearly assessed. The top seal is the low-permeability barrier, such as a 
caprock or a sealing fault, that prevents the upwards migration of the injected CO2. In hydrocarbon reservoirs, its 
existence is indeed proven, but with respect to hydrocarbons. In the case of deep aquifers, the ability of the caprock 
(usually referred to as aquitard or aquiclude) to confine a buoyant non-aqueous fluid is not known in the first place.  
When pressure increases in the underlying non-aqueous phase, leakage through the caprock takes place either by 
mechanical failure, or by capillary failure. We focus in this paper on capillary failure, which except in very tight 
caprocks arises for pressures lower than the pressure required for mechanical failure by hydraulic fracturation [1]. In 
this process, the non-aqueous phase (here, the CO2 phase) present in the reservoir intrudes into the overlying fine-
grained (low-permeability) caprock, thus displacing the saturating brine phase; the pore structure remains intact, 
unlike in the mechanical failure processes. This drainage process occurs when the pressure in the CO2 phase rises 
above a certain threshold called the breakthrough or displacement pressure.
Capillary failure occurs when the excess displacement pressure reaches the gas (i.e., CO2) capillary entry pressure 
given by Laplace’s law, i.e., 
                                                           Pd-Pw ~ w,CO2 cos()/R                                                                               (1). 
In this equation, w,CO2 is the interfacial tension between brine and CO2, which has values in the range of 25-35 mN 
range [2,3].  is the contact angle (measured in the brine phase). The experimental evidence is that the water-wet 
character of most rock-forming minerals and caprocks (including those examined in this study, see [4]) is not 
significantly altered in the presence of CO2, i.e.,  remains low or, equivalently, cos() has values close to 1 [5,6]. R, 
the size of the narrowest pore throat along the CO2 leakage pathway, is roughly proportional to the square root of the 
caprock intrinsic permeability.  
The displacement (or breakthrough) pressure Pd is one of the most important parameters from an operational 
point of view. To avoid leakage, the reservoir pressure beneath the caprock should be maintained below Pd, assumed 
here to be lower than the pressure required for caprock mechanical failure. The excess pressure Pd -Pw can be 
converted into a CO2 column height – i.e., into a CO2 storage capacity of the reservoir. However, if the reservoir 
pressure is higher than Pd (but still lower than the pressure for caprock mechanical failure), leakage through the 
caprock is acceptable if gas (CO2) effective permeability is low enough. Effective permeabilities in the nanoDarcy 
range or below are considered to be acceptable [7], unlike permeabilities in the microDarcy range [8].  
A petrophysical assessment of a given caprock for CO2 geological storage purposes thus entails the determination 
of its intrinsic permeability and CO2 displacement pressure, together with the effective permeability to gas (CO2)
after breakthrough. The available experimental data for these properties are very scarce and limited to the caprocks 
overlying the existing major CO2 storage formations, such as the evaporites of the Weyburn Midale Field [9] and the 
Nordland Shales from the Sleipner storage site in the North Sea [10], and to a few other tight rock materials [11]. In 
this paper, we report an attempt to measure these properties for samples coming from the overburden of the depleted 
Rousse gas field in the S-W of France, in which up to 120 000 tons of CO2 are to be injected from 2010 to 2012. 
This field, a fractured Dolomitic reservoir, has been for almost 40 years producing a gas containing small amounts 
of CO2 (4.6 mol. %) and H2S ( 0.8 mol. %) through a single well, denoted RSE-1 in Fig. 1, now converted into a 
CO2 injector. The reservoir depth is approximately 4200 m below sea level. Its pressure at discovery was 485 bar, 
and it is currently equal to 40 bar. The underlying aquifer, if any, is inactive. The estimated brine pressure in the 
caprock above the reservoir Pw is in the range of 400 bar, which is much higher than the scheduled maximum 
injection pressure of 120-140 bar (bottomhole conditions). Capillary failure of the caprock is thus not an issue in the 
operational project, where however the opportunity is offered to develop tools for better assessing the confining 
properties of caprocks and enrich the very poor knowledge basis in this area. 
Ref. [4] reports in more detail many of the results presented in this paper, which in addition provides some 
petrophysical information on the carbonated breccias located just above the reservoir, together with a determination 
of caprock compressibility by using the same experimental setup as that used for the petrophysical measurements. In 
section 2, we shortly describe the origin, petrography, mineralogy and porosity of the caprock samples investigated. 
The measurements of the flow/retention properties with respect to water and CO2 are then presented, starting with 
the intrinsic permeabilities obtained from single-phase (brine) flow experiments (section 3). In section 4 we present 
our attempts to measure gas breakthrough (or displacement) pressures using CO2 or N2 as the displacing gas, 
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followed by the determination of the gas effective permeability following breakthrough. We end up in section 5 with 
a discussion and comparison of our results with those acquired within other CO2 geological storage projects. 
RSE-1 
Fig. 1. Section of the Rousse gas field (Mano reservoir, in red) and its overburden, showing the CO2 injection well, RSE-1, and the nearby (dry) 
well RSE-2. The origins of the caprock samples used in the experiments are marked by ovals.  
2. Origin and ‘static’ properties of the caprock samples. 
The caprock samples used for this study come various well intervals located at the bottom of the 2000 m-thick 
Upper Cretaceous marl that surrounds laterally and vertically the Rousse reservoir (see Fig. 1).  
Three of the samples (or drill cores), hereafter labelled 1, 2 and 4, are from a 170 m-thick interval in well RSE-2 
(cf. Fig. 1), a dry well nearby the injection well. The deepest of these samples (# 4) has a very characteristic 
brecciated facies (Fig. 2). The drill core material from the injection well itself (RSE-1) is much less abundant, 
however. Only one sample (or drill core), sample 3, was made available for this study, coming from a region just 
above the 25 m-thick brecciated interval overlying the Mano reservoir.  
The following ‘static’ properties have been examined: rock homogeneity and facies, by X-Ray CT-scan imaging; 
mineralogical content, by elemental analysis and X-Ray diffraction; rock texture, by scanning electron microscopy 
(SEM); porosity and pore size distribution, by helium picnometry and mercury intrusion porosimetry. 
Fig. 2. CT-scan images of RSE-2 drill cores 1 (left), 2 (middle) and 4 (right). Core diameter is equal to 65 mm. 
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Some of the X-Ray CT-scan images are shown in Fig. 2. Laminations are clearly apparent in drill core 1. The 
white dots in drill cores 2 and 4 correspond to dense minerals such as pyrite. Darker regions correspond to higher 
porosities. In the brecciated sample 4, the assemblage of clasts with different compositions is clearly apparent. 
The mineralogical analysis given in Table 1 reveals that calcite is dominant in samples 1 to 3 and dolomite in 
sample 4. The clay content (illite, kaolinite, chlorite) is fairly variable from one sample to the other: it does not 
exceed 5 wt. % in samples 1 and 4 and reaches values ~ 10% and ~ 20% in samples 2 and 3, respectively. 
Drill core Albite Quartz  Calcite  Dolomite Siderite Pyrite Kaolinite Chlorite Illite
1 1.1 24.7 65.0 3.0 0.2 0.7 0.7 1.0 3.4 
2 0.8 8. 0 73.7 4.8 0.2 1.2 2.0 0.1 8.2 
3 1.6 13.3 54.3 3.0 6.2 0.2 4.1 2.0 14.5 
4 1.4 0.9 30.0 63.5 0.1 0.9 0.3 0.2 2.2 
        Table 1. Mineralogical composition (in weight fractions) of the caprock samples. 
Scanning electron microscopy measurements have been carried out on these samples, and their porosity has been 
determined by helium picnometry and by mercury intrusion porosimetry. Samples 1, 2 and 3 have porosities in the 
range of 0.5-3%. Sample 4 is somewhat more porous: its porosity is in the order of 8% (see [4] for more details).  
3. Single-phase (brine) permeability measurements 
Single-phase (brine) permeabilities are determined from flow experiments conducted under controlled pressure 
gradient in a Hassler-type core holder containing the cylindrical caprock sample (25-to-40 mm long with diameter 
40 mm) plugged vertically in the drill cores examined above. The sample is confined longitudinally and radially at a 
confining pressure Pconf. Brine is injected in the core by means of an injection pump operated in the constant-
pressure mode (at a pressure Pw), and the position of the pump piston, which is related to the injected brine volume, 
is registered as a function of elapsed time (see Fig. 2): the derivative with respect to time of the volume readings is 
the instantaneous flow rate. The intrinsic permeability is obtained by the relation kw= Q /A) L/P, where w w w is 
brine viscosity, Qw the stabilized brine flow rate, A and L the cross-sectional area and length of the rock sample, and 
P=P -Pw atm the pressure drop across the rock sample (the brine pressure at the outlet of the core is the atmospheric  
pressure Patm).
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Fig. 2. Volume readings in the upstream pump as a function of time. Left: sample 2, Pconf=3.5 MPa, Pw=3 MPa. The anomaly at t
800 h is due to 
a spurious increase in temperature. Right: sample 3, P =3 MPa; P =5, 10 and 15 MPa (inset: see text). w conf
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The time required to infer a meaningful flow rate from the volume readings is larger for lower permeabilities. In 
the example shown in Fig. 2 (left), the brine volume injected in sample 2 at a pressure Pw = 3 MPa under a confining 
pressure Pconf= 3.5 MPa is only ~ 0.1 ml during 2000 hours, which corresponds to a permeability of 0.2 nanoDarcy. 
In this permeability range, measurement times in excess of 1000 hours are necessary for pressure drops across the 
sample of a few MPa. In the case of the brecciated sample 4, measurement times of a few tens to hundreds of 
minutes are required for similar pressure drops (data not shown): this sample is in fact much more permeable than 
sample 2 – by at least three orders of magnitude (see next paragraph and Fig. 3). In the case of samples 1 and 3, 
measurement times are in the range of a few hundreds of hours: permeabilities are in the order of a few nanoDarcy, 
Some of the measurements carried out with sample 3 are reported in Fig. 2 (right): a strong decrease in the flow rate 
is observed when the confining pressure is increased from Pconf= 5 to 10 and finally to 15 MPa (the pore pressure, 
i.e., the pressure gradient in the brine, being kept constant: Pw = 3 MPa). Interestingly, the resolution in the volume 
readings allows the determination of rock volume variation with confining pressure (at constant pore pressure), as 
shown for instance in the inset of Fig. 2 (right). The compressibility of sample 3 is ~2 10-4 -1 MPa for Pconf= 5-10 
MPa (and P  =0.1-3 MPa). This value decreases with increasing pressure (data not shown). w
The permeabilities of caprock samples 1, 2 and 3 measured for various effective stresses are reported in Table 2, 
and those of sample 4 are displayed graphically in Fig. 3. The effective stress is defined as the difference Pconf – Ppore,
where P =(P +Ppore w atm)/2 is the mean fluid pressure in the sample. A common observed feature is the strong 
sensitivity of permeability to stress observed both on the very tight rocks (samples 1 to 3) and, more surprisingly, on 
the more permeable brecciated sample 4, the permeability of which decreases from 0.1 to 0.003 milliDarcy when the 
effective stresses increases to ~ 20 MPa. Further measurements are required to assess whether these relatively high 
and stress-sensitive permeabilities are representative of the brecciated facies, which is by essence heterogeneous. 
From a practical point of view, this question has however little interest, since the brecciated zone has a very limited 
vertical extent - a 25 meter-interval in well RSE-1. 
A comparison of the above results to those obtained within other CO2 geological storage projects is presented in 
the last section (Discussion and Conclusions).  
kSample P Remarks weff
MPa nanoDarcy 
1 0.7 9
8.5 ~ 0.3 
9.5 ~ 0.7 
14 <1 Duration 
of the expt: 60 h 
2 1.5 ~ 0.15 
2 0.2 Fig. 2, left 
7.5 <0.05 
3 3.5 20-25 
8.5 2-3 Fig. 2, right 
13.5 <1 Fig. 2, right 
12.5 <1 Fig. 2, right 
Table 2 – Intrinsic permeabilities of caprock samples 1, 2 and 3 
for various effective stresses.  Fig. 3 – Intrinsic permeability (in milliDarcy) of sample 4 as a 
function of effective stress. 
4. Gas breakthrough and flow measurements. 
These measurements consist in increasing in a stepwise fashion the gas pressure on the inlet face of the brine-
saturated sample until the breakthrough (or displacement) pressure Pd is reached (see the Introduction), which is 
manifested by a slow continuous flow of brine phase (gas entry), followed by gas flow, at the outlet of the rock 
sample [12]. A backpressure P =1 MPa is imposed in the downstream pump (filled with brine) and gas (here, COw 2
or N2) is brought to the other face of the sample at a given pressure Pg > Pw imposed by a pressure regulator. 
Breakthrough is manifested by a steady movement of the pump on the outlet face of the sample indicating that a gas 
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migration pathway spans the entire caprock sample. When a steady flow rate Q is reached, the effective permeability 
to gas is obtained from the equation: kg=2 µ /A( ), where µ2w
2
g PP g QLP gw  is gas viscosity (gas is assumed to be a 
perfect gas). The temperature equal to 45°C ensures that CO2 is in supercritical conditions. 
Two BT experiments have been conducted, one with sample 1 and one with sample 3. In these experiments the 
backpressure is P =1 MPa and the confining pressure P  is 10 MPa (sample 1) and 15 MPa (sample 3). w conf
Sample 1. Fig. 4 below shows the position of the pump on the outlet face as the gas (CO2) pressure Pg is 
increased in a stepwise manner from 5 to 8.6 MPa over a time period of 870 h following gas arrival on the inlet face 
of the sample. The duration of the last pressure step at Pg=8.6 MPa is 220 h. The volume readings of the downstream 
pump indicate that BT has not occurred yet. The CO2 BT or displacement pressure in caprock sample 1 is thus larger 
than 8.6 MPa, which corresponds for this caprock sample to an excess BT pressure at least equal to 8.6 -1=7.6 MPa. 
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Fig. 4 - CO  BT experiment in sample 1: volume readings in the downstream pump as the CO  pressure increases. 2 2
Sample 3. This experiment is started with nitrogen as the displacing gas phase. Gas pressure is increased by steps 
of 0.5 MPa, and BT occurs a few days after reaching the pressure Pg=7 MPa. A careful analysis of the data [4] 
shows signs of gas entry – but not BT – for the three previous pressure steps (5.5, 6 and 6.5 MPa): in retrospect, it 
seems that a step duration of one day is not enough to conclude as to the absence of BT. The N2 BT pressure thus 
lies in the interval 5.5-7 MPa, corresponding to an excess pressure of 4.5-6 MPa. The effective permeability to 
nitrogen after BT is found equal to 0.3 nanoDarcy (see [4] for more details). 
The caprock sample is then resaturated with brine, and a new gas displacement experiment is started, using CO2
as the displacing gas. Fig. 5 (left) reports the results of this experiment, in which CO2 breakthrough occurs a few 
days after Pg has been raised to 2.5 MPa. The CO2 BT pressure in sample 3 is therefore lower than 2.5 MPa, i.e., the 
excess CO2 BT pressure is smaller than 1.5 MPa, This is more than three times smaller than the excess BT pressure 
for nitrogen estimated to be at least 4.5 MPa (see preceding paragraph). This result is contrary to the expectation 
(see Eq. 1) that, in view of the respective values of interfacial tensions values between brine and CO2 and between 
brine and N2 (they differ by a factor of less than 2 under such pressures and temperatures) and of the absence of 
wettability alteration in the presence of CO2 [4], the caprock sample should be sealing towards CO2. After a 
transient period corresponding to two-phase (brine and CO2) flow through the rock, a steady rate is reached that 
corresponds to CO2 (single-phase) flow in the rock containing an immobile brine phase. The effective permeability 
to CO2 is equal to 0.7 nanoDarcy, to be compared with the 0.3 nanoDarcy observed after the first gas (N2) BT.
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Fig. 5 -  Left: First CO2 BT experiment in sample 3. BT occurs for an upstream pressure Pg=2.5 MPa. The effective CO2 permeability after BT is 
deduced from the steady flow at t>200 h. Right: Second CO2 BT experiment in sample 3 following the first CO2 BT experiment and resaturation 
with brine. For the step Pg=1.5 MPa (53 h < t < 484 h), some CO2 entry in the caprock is apparent but BT does not occur. 
Following this CO2 BT experiment, sample 3 is again resaturated with brine and a second CO2 BT experiment is 
started at a lower gas pressure Pg=1.5 MPa. Some gas entry into the caprock is apparent, but no BT occurs over a 
time interval of 430 hours (Fig. 5, right). BT occurs as soon as the upstream gas pressure is raised to 2.5 MPa, in a 
much more abrupt and rapid fashion than in the first CO2 BT experiment: the effective permeability to CO2 of the 
caprock in this second CO2 BT experiment is more than twice that measured in the previous CO2 BT experiment 
(1.5 vs. 0.7 nanoDarcy) and five times that initially measured with N2 (0.3 nanoDarcy). 
The above successive flow sequences of gas BT, followed by brine resaturation, mimic an intermittent leakage 
process from an aquifer, in which the caprock is alternatively invaded by CO2 and brine. The results show some loss 
in the sealing properties upon consecutive cycles of brine saturations and gas breakthrough, manifested by a 
decrease in the gas BT overpressure and an increase in the effective gas permeability after BT. The reasons for such 
loss have yet to be better understood. A similar alteration in the sealing properties after repetitive gas BT and brine 
resaturations has already been observed by other researchers in various brine-saturated tight porous media including 
compacted clays, argillites, shales and carbonates, with gases including helium [13], nitrogen [10] and CO2 [14]. 
Several alteration mechanisms have been proposed, such as a local mechanical deformation along the gas migration 
pathway, the presence of residual gas pockets remaining from the previous gas BT along the migration pathway [10] 
and, in the case of CO2, geochemical reactions with minerals such as carbonates (reactive transport) [14].  
5. Discussion and conclusions 
Our results are worth being compared to those obtained within the Weyburn EOR-CO2 and the Sleipner-Utsira 
projects, in which caprock permeability and breakthrough data have been obtained by using similar experimental 
procedures as ours and recently published. 
Not taking into account the results obtained on the brecciated sample, our single-phase (brine) flow 
measurements point to the extremely low permeability of the Rousse caprock under field stress conditions – below 
the nanoDarcy in field stress condtions. The effective stress in Rousse field conditions is significantly larger than the 
largest stress reached in this laboratory study, namely 14 MPa. These are extremely small values, which are 
significantly lower than those measured for the Weyburn seal-rock [9] and lower by more than two orders of 
magnitude than those measured in the shales overlying the Utsira aquifer [10]. 
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BT pressure and flow measurements conducted with CO2 and N2 indicate, not surprisingly, a BT pressure that 
increases with decreasing caprock permeability. The less permeable of the two caprock samples examined, has a 
CO2 BT excess pressure larger than 7.6 MPa, whereas the other, more permeable caprock sample has a N2 BT 
excess pressure in the range of 5 MPa – a CO2 excess pressure twice lower is thus expected in this sample. Gas 
effective permeability after BT is in the subnanoDarcy range. This permeability increases, and BT pressure 
decreases, when the sample is resaturated with brine and then broken through with gas again, indicating some sort of 
alteration of the caprock sealing properties, the origin of which has yet to be fully understood.  
These BT pressures are comparable to the BT pressure (~ 3 MPa with nitrogen) measured on the Nordland shales 
of the Utsira site [10], and to the BT pressure (~ 10 MPa with CO2) measured on the Weyburn seal-rock [9]. 
 One of our observations is the strong stress-sensitivity of intrinsic permeabilities. This suggests that the gas 
breakthrough pressure and the effective gas permeability of caprocks should be strongly stress-dependent as well. 
An experimental check of this feature represents a formidable task.  
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